Abstract. The growth of nanoparticles in low-temperature plasmas is often accompanied by the formation of complex particle patterns and intricate transport processes. This paper deals with the formation and growth of nanoparticles operated in a mixture of argon and acetylene. The experiments are performed in a cylindrical dc discharge, the so-called PK-4 facility that shall be launched to the International Space Station (ISS) in 2014. The experiments show that the particles are formed in a localized region close to the anode and are transported as still localized dust structures ('dust bullets') along the glass tube. The formation of new particles triggers an oscillatory process that is characterized by the periodic appearance and subsequent removal of dust particles. The frequency of this process, as well as the size of the particles within each 'dust bullet', can be controlled by means of the neutral gas flow. This behaviour can be understood by analysing the size-dependent forces acting on the growing particles.
Introduction
The production of nanoparticles by means of (low-temperature) plasmas has become an important topic for both fundamental research and plasma technology. Nanoparticles can be observed in astrophysical environments [1, 2] , in the ionosphere [3] , in fusion devices [4, 5] and now increasingly in different kinds of plasma-based technological processes [6] . The formation and growth of nanometre-sized particles has been observed in various types of gas discharges such as, for example, radio-frequency (RF) [7, 8] , microwave [9] and arc discharges [10] . Depending on the discharge type, operation conditions and so on, particle formation can be triggered either by the reactive gas component (e.g. CF 4 [11] , C 2 H 2 [12, 13] , SiH 4 [14, 15] and CH 4 [16] ) or by precursors obtained, for example, through the sputtering of electrode material [17, 18] . Independent of the details of the growth process, the occurrence of nanometre-or micrometre-sized dust particles can have a tremendous influence on the discharge characteristics [19] [20] [21] . One of the most fundamental consequences concerns the electron density. Micrometresized particles which are embedded in a plasma can collect up to several thousand elementary charges, a process that can lead to a significant reduction of the electron density [22] . The negative charging of the particles is also responsible for their confinement in the positive plasma potential. The spatial distribution of the particles inside a discharge results from the interaction of the various forces acting on the particle (e.g. gravity, electric force and ion drag force). Since these forces depend strongly on the particle radius, the generation and growth of nanometre-sized particles are very often accompanied by intricate time-dependent transport processes (of the particles) and the formation of complex spatial particle patterns. The study of these processes is interesting not only from a fundamental point of view but also for technological processes where it is important either to avoid the contamination of specific areas of the discharge or to control the targeted deposition of nanometre-sized particles. This paper deals with the formation and transport of nanometre-sized particles in a dc discharge, more specifically the so-called PK-4 facility [23, 24] . PK-4 is the successor of PKE-Nefedov [25] and PK-3 plus [26] , both setups used on board the International Space Station (ISS). PK-4 laboratory setups (see below) exist at the Max-Planck-Institute for Extraterrestrial Physics (Garching, Germany), at the Joint Institute for High Temperatures (Moscow, Russia) and at GREMI (Orleans, France). In addition, there is a setup used under microgravity in parabolic flight experiments [27] . The PK-4 facility for the ISS supported by the European Space Agency is under construction and shall be launched in 2014. In contrast to its precursors PKE-Nefedov and PK-3 Plus, which are based on RF discharges in cubic plasma chambers, PK-4 will focus on the liquid state and flow phenomena of complex plasmas. In addition, particle growth experiments, which have been performed mostly in RF discharges so far, can also be done with PK-4. This will enable the observation of particle formation also in microgravity conditions, as was done earlier in PKE-Nevedov [28] . In order to understand the mechanisms and behaviour of the discharge during growth, ground-based experiments are necessary before taking the experiment to space.
In this paper, we concentrate on the formation of nanoparticles obtained from a mixture of argon and acetylene performed with the PK-4 setup at GREMI and report on the first observations of particle growth within the PK-4 plasma chamber. Figure 1 shows a sketch of the experimental setup. The plasma chamber in this system (PK-4) consists of a U-shaped glass cylinder, with an inner diameter of 3 cm and an overall length of 74.4 cm. Each side arm has a length of about 19.7 cm. The electrodes are installed in the side arms at both ends of the cylinder. The discharge in our experiments is operated at pressures between 40 and 100 Pa and dc currents of up to 3 mA (corresponding to voltages of the order of 2 kV).
Experimental setup
All the experiments presented in this paper were performed with a continuous gas flow. The gas was always introduced through the anode and pumped out through the cathode. The introduced gas mixture consisted of argon and acetylene (2.2%). A butterfly valve installed between the pumping system and the glass cylinder was used to control the pressure inside the glass tube (for a given gas flow ranging between 1 and 10 sccm). To observe the formation of dust particles and the behaviour of the plasma, laser light scattering experiments and optical emission spectroscopy were performed. The setup included LDM 405 diode laser from Oxxius (405 nm), an Avaspec 3648 spectrometer from Avantes and a Pike F0320B charge-coupled device camera from Allied Vision.
The size and morphology of the particles was investigated ex situ by means of a scanning electron microscope (SEM). Particles collected in PK-4 are shown in figure 2. The shape and surface structure of the particles resemble those of particles grown in RF discharges and show the cauliflower structure typical of such particles [2] . The similarity of both types of particles has also been proven by means of near edge x-ray absorption fine structure spectroscopy, which reveals a chemical composition typical of hydrogenated carbonaceous plasma polymers [13] .
Experimental results and discussion
The experiments presented here were performed at 40, 60, 80 and 100 Pa. At 40 Pa the formation of dust particles was difficult to trigger and was only observed for high powers. Systematic laser light scattering measurements show that the particles can be detected independent of the parameters, at first always near the anode. The nanometre-sized particles are then transported along the glass tube until they finally reach the cathode. Figure 3 shows the intensity of the scattered laser light (measured near the anode in the side arm of the discharge-see figure 1 ) as a function of time.
The measurements reveal an oscillatory behaviour of the scattered laser light, indicating periodic appearance and disappearance of dust particles in the observed plasma volume. The whole process is illustrated in figure 4 .
The initial growth of particles near the anode leads to the formation of elongated compact clouds of particles ('dust bullets') which travel along the discharge tube. Each 'dust bullet' passing the observation point corresponds to an oscillation in the intensity of the scattered laser light. This process resembles the growth oscillations observed in several RF discharges [7] .
Generally, the spatial distribution of particles in a discharge results from the interplay between the various forces acting on the particles. Since these forces-such as the electric force F e (proportional to the particle radius r ), the ion drag force F I (approximately proportional to r 2 ), the neutral drag force F N (proportional to r 2 ), the thermophoretical force F Th (proportional to r 2 ) and the gravitational force F G (proportional to particle volume, i.e. proportional to r 3 )-scale with different powers of the particle radius, the spatial distribution of the particles depends strongly on their size. In reactive plasmas where the particles can grow in size their spatial distribution is consequently subject to complex temporal changes. One example of such an interplay between particle size and the spatial distribution of the particles is the aforementioned 'growth oscillations' in reactive RF discharges: the negatively charged particles are confined in these discharges in the positive plasma potential as long as they are small enough. In the given setup this confinement is caused by the existence of a negative space charge close to the anode [29] . Once the particles reach a certain critical size, however, they are pushed out of the region of formation due to the action of the ion drag force, neutral drag or the gravity. The generation of new particles in the now particle-free centre triggers then a periodic process. The same mechanisms, i.e. the formation and subsequent growth of particles, the development of dust-free regions and the generation of new particles in the dust-free regions, are also responsible for the periodic behaviour observed in figure 3 . In the present case, the decisive factor is the neutral drag force which is introduced into the system by the continuous flow of gases streaming from the anode to the cathode. The importance of the neutral gas flow is shown in figure 5 (a), which shows the frequency of the observed oscillations as a function of the gas flow. Figure 5 (a) shows that the frequency increases (linearly) with increasing gas flow. In contrast to the frequency, the amplitude of the observed oscillation of the scattered laser light decreases with increasing flow rate (see figure 5(b) ). Both phenomena can be explained qualitatively in the framework of the 'growth oscillation model' described above. The dust particles which are initially formed close to the anode start to move towards the cathode when the sum of the ion drag force and the neutral drag force (which are both directed from the anode towards the cathode) exceeds the electric force (The ion drag force is proportional to r 2 only up to a logarithmic correction, which is negligible for small particles. Furthermore, it is typically an order of magnitude or more smaller than the electric and neutral drag forces [29] .):
Since
equation (1) can be written as where V g is the velocity of the gas flow and c 1 , c 2 and c 3 are the proportionality factors in equations (2a-c). Relation (3) defines a critical radius
Once the particle radius exceeds this value, inequality (1) is fulfilled. As the gas velocity is proportional to the gas flow (in sccm), the critical radius can be written in the form
According to this equation the critical radius decreases with increasing flow rate, which is in agreement with the experimental results depicted in figure 5(b) , i.e. the decrease of the scattered light with increasing flow rate. Particles collected from the 'dust bullets' confirm this result. Figure 6 shows the particles size (measured by means of electron microscopy) for three different flow rates: 6, 8 and 10 sccm. The measurement clearly shows that the particle size continuously decreases from 140 nm to about 90 nm. If we assume a linear growth speed that is independent of the flow rate, we can write the time t that is necessary for the particles to reach this critical size as t ∝ r crit . The frequency of the observed oscillations is thus given by the relation
which describes in accordance with the experimental results an oscillation frequency that increases with the flow rate. Equation (6) gives of course only a qualitative description of the whole process. (The assumption that the growth rate that is independent of the gas flow is of course a simplification. Moreover, one has to take into account that the growth rate is not linear for all times. Instead of t ∝ r crir one could therefore use t = k · r crit + t add . Here k is the 8 inverse growth rate during the linear growth phase and t add accounts for the fact that there is a delay between the onset of the nucleation process and the beginning of the linear growth phase.) At flow rates lower than the critical flow the behaviour of the dust formation cannot be explained by the model discussed. Instead of the periodic behaviour, two different observations were made. Below 3 sccm the particles stay in the vicinity of the place of their formation, i.e. they occupy the anode region and are not transported along the tube. This leads to continuous growth and measured particle sizes of up to 1 µm after 5 min of plasma on time. At these low flows an additional confinement, possibly introduced by a turbulent gas flow at the corner of the glass tube or the electric field from the negatively charged glass wall opposite to the anode (see figure 1) , keeps the particles in place. If a higher flow rate is introduced, this additional confinement can be overcome and the particles formed are transported along the tube. Already at flow rates of 3 sccm this transport can be observed. But different from the periodic behaviour described above, at 3 and 4 sccm only a first growth cycle of particles that are formed and transported was observed. At both flow rates this first 'dust bullet' is not followed by any further ones. This might be caused by an insufficient amount of 'fresh' acetylene supplied by the inflowing gas so that only one generation of particles could be generated due to the initially higher gas density. After the ignition of the plasma the acetylene concentration starts to decrease due to the destruction of the acetylene molecule by electron impact dissociation (such as, e.g., in the reaction C 2 H 2 + e − → C 2 H + H + e − ) and due to subsequent reactions with radicals (e.g. with C 2 H). Depending on the plasma parameters (electron density and electron temperature), the pumping speed and the amount of fresh gas that is introduced into the plasma chamber, the acetylene concentration stabilizes after a certain time on a level that is much smaller than that before the ignition of the discharge. If this level is too small it is not possible to produce enough new precursors (e.g. C 2 H − anions in reactions such as C 2 H 2 + e − → C 2 H − + H) to restart the nucleation process again. And therefore only one generation of particles can be generated in this case. Different behaviours of the first growth cycle have been observed at all flow rates. Only in the first cycle is the emission of the plasma followed by the scattered light. During the following cycles a strong correlation between the emission of the plasma and the intensity of the scattered light occurs (see figure 7) . At 5 sccm a transition towards periodic behaviour was observed. At this flow several cycles of formation occured, while the intensity of both the scattered laser light and the plasma emission decreased rapidly. After a limited number of cycles have passed, no further growth was observed at 5 sccm. This non-periodic behaviour below the critical flow is not yet fully understood and will certainly be of interest for future study.
The formation of particles is usually accompanied by changes in the plasma parameters. This is demonstrated in figure 7 , which shows the intensity of the scattered laser light and the emission from the plasma as a function of time. Figure 7 clearly shows that the intensity of the scattered laser light and the plasma emission oscillate in phase. As soon as the moving 'dust bullet' reaches the observation point the intensity of the plasma emission increases. The moving dust cloud is accompanied by a moving plasma region with enhanced emission (therefore it would be better to speak of a 'dusty plasma bullet' instead of simply a 'dust bullet'). This observation can be explained by the disturbance of the ionization loss balance (of electrons and ions) caused by the appearance of dust particles in the actual plasma volume. From a global point of view the electron temperature adjusts itself in a way to guarantee the balance between the loss of electrons and ions (due to diffusion) and their generation due to electron impact ionization. The formation of particles opens a new loss channel: ions and electrons impinging on the particles recombine there and form neutral atoms or molecules. To maintain the discharge these additional losses have to be compensated for by an increase of the ionization rate, i.e. by an increase of the electron temperature. The increase of the ionization rate is accompanied by an increase of the light mission from the plasma (see, e.g., [30, 31] ).
Summary
The spatial distribution of particles in a (low-temperature) plasma, resulting from the interaction of the various forces acting on the particles, is a rather complex phenomenon. Particularly in reactive plasmas, where the particle size increases in time and where new particles can be generated, we have to deal with the formation of complex, time-dependent dust structures and with the occurrence of various transport processes. Particles initially formed in one region of the discharge are transported during their growth to other discharge regions, since the forces acting on the particles scale with different powers of the particle radius. The formation of new particles in the dust-free region can then trigger an oscillatory process that is characterized by the periodic appearance and disappearance of particles in specific regions of the discharge. In this paper, we have examined the formation and growth of particles in a dc glow discharge operated in a mixture of argon and acetylene. In this case, we observed the periodic appearance of 'dusty plasma bullets' that were travelling through the discharge. The experiments showed that the frequency of this process as well as the size of the particles within each 'dusty plasma bullet' can be controlled by means of the neutral gas flow.
